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construction, and durability of concrete, especially concrete incorporating supplementary 25 
cementitious materials. 26 
ABSTRACT 27 
Installation of drilled-in epoxy bonded reinforcing bars is generally an effective strengthening 28 
method to increase the flexural and shear capacities of deficient concrete structures. However, 29 
most of the available studies characterizing the bond behavior of epoxy bonded bars in concrete 30 
have been carried out on sound concrete elements, i.e., without any pathological material damage. 31 
This raises the question of bond capacities in existing damaged elements. This study investigates 32 
the influence of alkali-silica reaction (ASR) on the capacity of post-installed reinforcing bars. 33 
ASR is a deleterious mechanism that causes expansion and cracking in the affected concrete 34 
elements. Pull-out tests on post-installed reinforcing bars having embedded lengths of 2db, 4db and 35 
5db with 15M reinforcing bars (db = 15.9 mm [0.626 in]) have demonstrated a drop in bond 36 
strength when concrete is affected by ASR. In addition, the study revealed that the progression of 37 
concrete expansion due to ASR, may lead to some confinement of the post-installed reinforcing 38 
bar and possible increases the bond strength.  39 
Keywords: post-installed reinforcing bar; pullout test; alkali-silica reaction (ASR); bond 40 
INTRODUCTION 41 
Many older thick concrete slabs were designed with the shear carried by the concrete, without any 42 
shear reinforcement. However, shear failures in structures without shear reinforcement are very 43 
brittle. This type of failure occurs with little or no warning signs and a low deformation capacity 44 
that limits the redistribution of the internal shear stresses in the structure. The collapse of the 45 
Concorde overpass on September 30th, 2006 in Laval (Canada), after 36 years in service, 46 
demonstrates the hazardousness and the brittleness of shear failures in aging thick concrete 47 
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members without shear reinforcement1. This event demonstrated that degradation of the concrete 48 
material may reduce the concrete shear capacity. Moreover, increased traffic loads compared to 49 
the loading considered at the time of the design reduces the safety of such structures. Similar 50 
structures built between the 50’s and 70’s in Canada now show signs of concrete degradation and 51 
some of them required shear strengthening. 52 
Several shear strengthening techniques for existing thick concrete slabs were investigated in the 53 
past few years. Tests indicated that one of the most efficient strengthening methods consists of 54 
inserting vertical shear reinforcing bars in pre-drilled holes, anchored with epoxy adhesive 2, 3 (see 55 
Fig. 1). This technique also proved to be efficient in slabs to resist punching4 and for beam-to-56 
column connections5. Results indicated that the bond behavior of post-installed bonded shear 57 
reinforcement appeared to be the most important parameter governing the shear reinforcement 58 
efficiency. The intersection of the critical shear crack with the post-installed bonded bars 59 
determines the bar embedded lengths above the crack intersection and below the crack 60 
intersection. The bond-slip relationship dictates the ability of the added bars to develop tensile 61 
stresses and hence influences the shear contribution of the shear reinforcement, as well as the 62 
crack width which, in turn, influences the aggregate interlock and thus, the shear capacity 63 
provided by the concrete 6, 7. 64 
The bond-slip relationship of an embedded bar is governed by three principal bond force transfer 65 
mechanisms: chemical adhesion along surfaces (bar and/or concrete) as well as friction, and 66 
bearing on the bar ribs 8, 9. On the contrary to cast-in-place bars, post-installed bonded bars are 67 
composed of two different interfaces: bar to bonding material (grout, epoxy, etc.) and bonding 68 
material to concrete. The chemical adhesion and the friction mechanisms are influenced by the 69 
installation conditions, i.e., the surface roughness and the presence of dust or any other 70 
contaminant on the bars and/or concrete surfaces. For cast-in-place bars, the bearing capacity 71 
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depends on the concrete mechanical properties and on the bar geometry, i.e., the rib bearing area 72 
and the spacing between ribs along the bar 10-17. The capacity of post-installed reinforcing bars 73 
also depends on the bonding material properties. The effect of cracks on the response of bonded 74 
anchors and post-installed reinforcing bars have been investigated 5, 16. It was observed that 75 
concrete cracks parallel to the anchors influence bond strength. In his researches, Mahrenholtz5 76 
observed a large scatter in the bond strength in cracked specimens due to the influence of the bars 77 
post-installation conditions. According to Eligehausen & al.16, the bond strength loss due to the 78 
propagation of mechanical cracking on post installed reinforcing bars can be considered as 50% of 79 
the typical bond strength of post-installed reinforcing bars in sound concrete. The cracking pattern 80 
studied was one single crack crossing the bar. Although some bond slip relationships are available 81 
in the literature for cast-in-place or post-installed epoxy bonded bars 16, 18, 19 these are based on 82 
experimental studies performed on sound concrete elements. In the context of shear strengthening 83 
of existing concrete structures, it is expected that concrete may have experienced damage and 84 
cracking that may originate from many different phenomena such as loading cycles, freeze-thaw 85 
cycles, steel corrosion and alkali-silica reaction (ASR) to name a few. 86 
Among these, ASR is a very common deleterious mechanism resulting from the chemical reaction 87 
between the alkali hydroxide ions (K+, Na+ − OH-) within the pore solution of concrete and some 88 
siliceous mineral phases from the fine and/or the coarse aggregates. ASR generates a hygroscopic 89 
alkali-silica gel inside the reactive aggregates that swells under high relative humidity conditions, 90 
leading to the formation of cracks in the aggregate particles and, eventually, extending into the 91 
cementitious matrix. The cement dosage, the use of de-icing salts and the exposure to sea water 92 
represent examples of alkali sources which may be significant in existing bridges and influencing 93 
the reaction kinetic and longevity. Amongst other parameters, the ASR potential and reaction 94 
kinetics of aggregate materials will depend on the nature and proportion of the siliceous phase 95 
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within the reactive rock types, as well as the aggregate particle size, the ASR potential is 96 
influenced by the specific area of the silica particles, i.e., the reaction tends to occur more rapidly 97 
as the finesse of particles decreases 20. Deleterious effects on ASR-affected structures will last as 98 
long as the favorable conditions, i.e., pH over 13, high amount of alkali, unstable siliceous 99 
material and high relative humidity, are maintained. Research  on the effects of ASR in concrete is 100 
given by Sims & al.21, Lindgård & al.20, Sanchez & al.22, Thomas & al.23 and Hobbs24. Many 101 
authors have demonstrated that the material mechanical properties decrease for affected concrete 102 
specimens/elements 22, 25-28. Since ASR is very common in North America, this paper aims to 103 
investigate its effect on bond strength of post-installed reinforcement.  104 
RESEARCH SIGNIFICANCE 105 
Since many damaged existing structures are in need of shear strengthening, the effect of a 106 
damaged concrete matrix on the bond mechanical properties of post-installed reinforcing bars 107 
must be better understood. This research compares the bond mechanical properties of epoxy 108 
bonded bars embedded in sound concrete to the ones in concrete affected by alkali-silica reaction 109 
(ASR) through pullout tests. Moreover, the effects of ASR progression on the bond strength of an 110 
already existing post-installed reinforcing bar were studied. 111 
EXPERIMENTAL INVESTIGATION 112 
The pullout tests were performed on sound and ASR-damaged concrete. The following paragraphs 113 
describe the concrete mixes, specimen geometry as well as testing procedure. 114 
Concrete Materials  115 
Concrete mixes were designed in order to reach 35 MPa (5000 psi) of compressive strength after 116 
28 days of moist curing. A highly reactive coarse aggregate (high amount of reactive silica 117 
particles) from Albuquerque (New Mexico) and a high-alkali Portland cement (Na2Oeq of 1.12%) 118 
were selected in order to accelerate the development of ASR. Tests carried-out by Sanchez29 and 119 
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Villeneuve30 confirm the coarse aggregate reactivity. The petrographic facies and potentially 120 
reactive phases of the New Mexico (NM) aggregate are presented in Table 1 30. NaOH was added 121 
to the reactive concrete mix to accelerate the ASR reaction. The final mix design had a Na2Oeq 122 
content of 1.25% per mass of cement, which is sufficient to allow ASR with the extremely 123 
reactive NM aggregate 24. Based on the same concrete mix design, a sound concrete mix was 124 
produced by incorporating a lithium nitrate (LiNO3 – 30% solid; lithium-to-alkali molar ratio of 125 
0.93 calculated in accordance with Thomas & al.31 admixture to inhibit the ASR. Non-reactive 126 
granitic sand from Quebec City was included in the two concrete mixes. Their water-to-cement 127 
ratio is 0.47. The two concrete mix designs are presented in Table 2. 128 
Specimens 129 
Twenty four (24) concrete blocks, 350 x 350 x 350 mm (13.78 x 13.78 x 13.78 in) in size, were 130 
cast. These geometrical dimensions were chosen to avoid concrete splitting during testing. Twelve 131 
(12) specimens of ASR reactive concrete (specimens A) and twelve (12) other companion 132 
specimens of sound concrete (specimens S) were cast. All these specimens were cured and 133 
conditioned under the same environmental conditions.  134 
After 28 days of moist curing at room temperature (23 ± 2oC [73.4 ± 3.6oF]), test specimens type 135 
S and type A were stored in hermetic containers, in a room at 38 °C (100.4 °F). Relative humidity 136 
inside the containers was kept over 95% during conditioning. The expansion caused by ASR was 137 
monitored according to embedded stainless steel stud’s relative displacements on three faces of 138 
the concrete cubes. Dimensional changes parallel and perpendicular to the casting plane (Fig. 2) 139 
were monitored separately.  140 
Two series of pullout tests were carried out. For the first series, specimens A1 and S1 were tested 141 
when the perpendicular expansions of specimens A1 have reached 0.20% in average (~100 days). 142 
For the second series, specimens A2 and S2 were tested when the perpendicular expansions of 143 
specimens A2 have reached 0.30% in average (~200 days).  144 
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Following the conditioning period, holes were drilled with a percussion drill into the concrete 145 
specimens and cleaned according to the manufacturer specifications. Epoxy adhesive (see Table 3 146 
for the mechanical properties of epoxy) was injected into the concrete holes and steel reinforcing 147 
bars (cross section area Ab = 200 mm2 [0.310 in²] and diameter db = 15.9 mm [0.626 in]) were 148 
installed according to three different embedded lengths (heff) of 2db, 4db and 5db (~32 mm [1.26 149 
in], 64 mm [2.52 in] and 80 mm [3.15 in]). The rib index FR of the reinforcing bars, which is 150 
defined by the average rib height (1.2 mm, 0.047 in) divided by the average rib spacing (9.7 mm, 151 
0.382 in), was 0.125 satisfying ASTM-A996/A996M32 requirements. The post-installed 152 
reinforcing bars were installed so that their longitudinal axis was perpendicular to the concrete 153 
casting plane. The selected bar diameter is the same as the one considered for post-installed shear 154 
reinforcement in previous concrete thick slab tests 2, 3 . 155 
Some of the concrete blocks were used twice as one bar was installed on two opposite sides of the 156 
same concrete specimen making sure that these two bars would not disturb one another’s behavior 157 
under pullout testing. Finally, two specimens type A1 and two specimens type A2 were used in a 158 
third series to study the effects of further ASR damage progression on the bond behavior of 159 
already installed bars. These specimens, identified as D1 and D2, are based on specimens A1 and 160 
specimens A2, respectively, who were returned to conditioning and monitored for an 161 
approximatively additional 100 days after the installation of the bonded bars. It is worth 162 
mentioning that the exposed steel bars in these specimens were protected against corrosion with a 163 
specialized paint.  164 
Testing Procedure 165 
The test setup designed is shown in Fig. 3. The tension load was applied through the reinforcing 166 
bar at a rate of 2 mm/min (0.75 in/min) and the tested specimen concrete block upper face offered 167 
bearing capacity with the help of a supporting plate and steel rods. A ball joint was used to ensure 168 
proper uniaxial tensile loading. This design was chosen to better control the failure mode, i.e., to 169 
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avoid concrete cover splitting or concrete cone failure, and to determine the full bond-slip 170 
relationship of a pulled out bar. Fig. 3 also shows that the steel reinforcing bar is not bonded to 171 
concrete along the top 100 mm (3.94 in) of embedment. That design reduces the effect of 172 
confining pressure caused by the top supporting plate 33, 34. The elongation of the steel reinforcing 173 
bars was monitored by two extensometers (unbonded length) while the relative displacement 174 
between concrete surface and the steel reinforcing bars (slip s) was monitored by four linear 175 
variable differential transformers (LVDTs). After each test, the bar was extracted from the block, 176 
the embedded length was precisely measured and pictures of the bar and the concrete block were 177 
taken.  178 
ASR Damage Assessment 179 
ASR concrete damage was assessed through the stiffness damage test (SDT)35 and the concrete 180 
mechanical properties were determined according to the compressive strength test36, the splitting 181 
tensile strength test 37 and the Young’s modulus test38. These tests were performed on concrete 182 
cores (100 X 200 mm [3.94 X 7.87 in]) extracted perpendicularly to the concrete casting plane 183 
from the tested specimens. Five (5) compressive loading-unloading cycles were performed on 184 
selected concrete cores to assess the degree of damage in ASR affected concrete. Young’s 185 
modulus (Ec) and stiffness damage index (SDI) were determined based on the SDT results. SDI is 186 
a diagnosis parameter defined as the irreversible deformation energy divided by SDT total energy 187 
(elastic and irreversible) 39. As explained by Allard & al.40, the SDI, provides information 188 
regarding the level of internal cracking. The Young’s modulus was determined as the average 189 
from the second and the third loading cycles of the SDT test. In accordance with the SDT 190 
procedure proposed by Sanchez & al.39, the maximum stress reached during the SDT test 191 
corresponded to 40% of the compressive strength of the sound concrete. 192 
MATERIAL RESULTS AND DISCUSSION 193 
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The following section presents the results of the damage assessment test (SDT) and the material’s 194 
mechanical properties which are summarized in Table 4. 195 
The slump and air content of fresh concrete were 155 mm [6.10 in] and 1.7% for sound concrete 196 
mix and 155 mm [6.10 in] and 1.6% for ASR reactive concrete mix (CSA A23.241). 197 
The compressive strengths, f’c, of sound concrete determined on cylinders at 7 and 28 days were 198 
respectively 29.1 MPa (4220 psi) and 37.0 MPa (5370 psi), while compressive strengths of 29.8 199 
MPa (4320 psi) and 36.3 MPa (5260 psi) were respectively measured for ASR reactive 200 
concretes36. It must be noted, however, that after 28 days of moist curing, none of the “reactive” 201 
specimens showed macroscopic signs of ASR damage.  202 
The steel reinforcing bars were tested in uniaxial tension in accordance with ASTM-E842 and 203 
ASTM-E11143. The yield strength (fy), the ultimate strength (fu), the strain at rupture (εu) and the 204 
Young’s modulus (Es) were respectively 456 MPa (66.1 ksi), 567 MPa (82.2 ksi), 0.175 and 190 205 
GPa (27600 ksi). 206 
Observation of ASR Damage 207 
Observation of concrete cores extracted from specimen types A and D and examined with a 208 
stereomicroscope (15X magnification) has revealed signs of damage associated with ASR which 209 
may be characterized as follows: opened cracks in the coarse aggregate particles with reaction 210 
product (OAC+RP), cracking in the cement paste with reaction product (CCP+RP), air voids 211 
filled with reaction product (V+RP) and reaction rims around the reactive aggregate particles 212 
(RR). These signs are typical of ASR and confirmed its presence in specimens A and D. In 213 
addition, the reaction product observed in cracks and voids had the typical texture of alkali-silica 214 
gel. Typical damage observed from polished concrete core sections are shown in Fig. 4 from a 215 
specimen type A. 216 
Expansion 217 
Expansion was monitored in all three directions44 but results are reported according to the highest 218 
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values measured, i.e. in the direction perpendicular to the casting plane, εp. Fig. 5 presents the 219 
development of εp with time of conditioning for sound and ASR affected concrete blocks. The 220 
shaded areas in the graphs mark the maximum and minimum expansion values. As noted in Fig. 5, 221 
the conditioning period for the first and second series was about 100 and 200 days, respectively. 222 
According to the rate of expansion, the ASR reaction seems to be constant during the first 200 223 
days of conditioning. The average expansion reached for specimens A1 and A2 was respectively 224 
0.20% and 0.33%, that corresponding to a severe and a very severe level of expansion and 225 
concrete damage according to Sanchez & al.45. For a severe level of expansion, cracks are 226 
expected within and around the aggregates, and they are typically connected to other cracks for a 227 
very severe level of expansion 45. It can be seen that specimens type S did not experience 228 
significant concrete expansion at 100 and 200 days. These results confirm the efficiency of the 229 
added lithium nitrate solution into specimen S concrete mix for the duration of the project. After 230 
the first and second series, specimens D1 and D2 were returned to conditioning for an additional 231 
100 days. The average expansions before conditioning for the two specimens D1 and D2 were 232 
0.21% and 0.32%. After the additional 100 days, the average expansion of specimens D1 and D2 233 
was respectively 0.40% and 0.41%, that corresponding to a very severe level of expansion and 234 
concrete damage45.  235 
The anisotropy of the reaction can be observed by comparing the expansions in parallel (εa) and 236 
perpendicular (εp) directions to the casting plane (A-B and C-D axis in Fig. 2). As mentioned by 237 
Smaoui & al.46, the concrete expansion is highly related to the casting direction and the vibration 238 
during the concrete placement. Fig. 6 compares εp and εa measured at the day of the test. It can be 239 
seen that the expansion in the parallel direction is about 0.6 times the expansion in the 240 
perpendicular direction (Eq. (1)). This figure also shows a good correlation between both the 241 
expansions εp and εa (coefficient of determination R² = 0.98, coefficient of variation CoV = 16%) 242 
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for ASR reactive specimens and a similar ratio was observed by Smaoui & al.46.  243 
 0.601 0.008a p    (1) 244 
where εp and εa are expressed in percentage. 245 
Material Properties 246 
The relation between εp and the mechanical properties of concrete cores extracted from tested 247 
specimens are presented in Fig. 7. One can observe in Fig. 7a a significant decrease of the 248 
compressive strength with increasing concrete expansion. By comparing the specimens S1 to A1 249 
(approximatively 100 days of conditioning), the compressive strength experienced a decrease of 250 
19% (40.5 MPa [5870 psi] to 32.7 MPa [4740 psi] in average) with an expansion (εp) increase 251 
from 0 to 0.20%. A similar behavior can be observed for the specimens S2 to A2 252 
(approximatively 200 days of conditioning) that experienced a decrease of their compressive 253 
strength by about 31% (42.7 to 29.3 MPa in average) with an expansion (ep) increases from 0 to 254 
0.33%. Interestingly, for a similar 35 MPa (5000 psi) concrete mix incorporating the same NM 255 
aggregate, Sanchez & al.22 reported a 23% decrease in compressive strength for concrete cylinders 256 
having reached an expansion of about 0.20%.   257 
Compared to the concrete compressive strength, a less significant decrease of the splitting tensile 258 
strength (fsp) is observed in Fig. 7b and Table 4. While the tensile strength decreased between an 259 
expansion of 0 and 0.20% (approximatively 100 days of conditioning), no reduction of tensile 260 
strength was measured afterward. Comparing the tensile strength of specimens S1 and A1, a 261 
reduction of approximatively 21% is found while a loss of 28% was observed looking at 262 
specimens S2 and A2 (2.9 to 2.3 MPa [420 psi to 330 psi] and 3.1 to 2.2 MPa [450 psi to 320 psi] 263 
respectively). As mentioned, the decrease of the tensile strength seems to have reached a plateau 264 
from 0.20% to 0.41% of expansion. The reduction in tensile strength is actually very much related 265 
to the type of testing method used 47. For instance, for a similar 35 MPa (5000 psi) concrete mix 266 
incorporating the same NM aggregate, Sanchez & al.22 reported a 60% decrease in tensile strength 267 
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measured on concrete cylinders having reached an expansion of about 0.20% when using a gas 268 
pressure tension test proposed by Komar & al.48. 269 
Stiffness Damage Test 270 
As expected, no significant variation of Young’s modulus of specimens S (around εp = 0) is 271 
reported in Fig. 7c and Table 5. However, a significant decrease, of about 43% of Young’s 272 
modulus, was observed with an expansion ranging from 0.00 to 0.20% (35.2 to 19.2 GPa [5100 to 273 
2780 ksi] on average). The decrease was less significant with an expansion progressing from 274 
0.20% to 0.33%, and seemed to reach a plateau of about 15 GPa (2180 ksi) afterward. A similar 275 
reduction of the Young’s modulus (from 30 to 20 GPa [4350 to 2900 ksi]) was observed from 0 to 276 
0.20% of expansion for the same concrete mix design tested by Sanchez & al.22. By comparing 277 
the different parameters in Fig. 7, it can be seen that the Young’s modulus results exhibit a smaller 278 
scatter than results relative to compressive and tensile strengths for each series. This tends to 279 
indicate that Young’s modulus seems to be a better indicator of concrete expansion and therefore 280 
of concrete damage than the other investigated mechanical properties (f’c and fsp). 281 
Sanchez & al.22 carried-out SDT tests on twenty (20) different reactive aggregates and obtained 282 
SDI values between 0.20 and 0.35 for a ASR expansion of 0.23% to 0.37% and between 0.23 to 283 
0.37 for a ASR expansion of 0.30%, which agree well with the results presented in 8d. Indeed, the 284 
average SDI of 0.12 and 0.09 was determined for specimens S1 and S2 (about no expansion) 285 
respectively, while it was 0.27 and 0.33 for specimens A1 and A2 (average expansion of 0.20% 286 
and 0.33%), respectively. Among the tested aggregates, NM coarse aggregates tested by Sanchez 287 
& al.22 in cast concrete cylinder resulted in slightly lower SDI than the one presented in this 288 
research. However, they agree well with the ones presented by Allard & al.40 and obtained from 289 
concrete cores extracted into affected concrete thick slab strips containing NM coarse aggregates.  290 
Specimens D1 and D2 also presented in Table 4 experienced an average concrete expansion of 291 
0.40% and 0.41%, respectively, and an average SDI of 0.31 and 0.37. For comparison, the average 292 
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SDI of specimens A2 (expansion of 0.33%) was 0.33. It therefore appears that increasing the 293 
concrete expansion over 0.33% does not significantly affect the SDI of the NM aggregates. That 294 
plateau was also observed by Sanchez29 and Allard & al.40 and was explained by the formation of 295 
alkali-silica gel inside cracks, which mitigates the increase of SDI values with the increase of 296 
ASR expansion.  297 
PULLOUT TEST RESULTS AND DISCUSSION 298 
The pullout tests results are presented in the following text and figures. A summary of the results 299 
as well as measured embedded lengths are presented in Tables 4 and 5. 300 
Failure Mode 301 
Typical failure modes obtained for embedded lengths of 2db, 4db and 5db are shown in Fig. 8 and 302 
are summarized in Table 5. All specimens with a 2db embedded length failed after bar debonding 303 
(failure mode D). Most of the specimens with a 4db embedded length failed by debonding after the 304 
yielding of the bar (failure mode YD) while a few debonded just before yielding of the bar (mode 305 
D). Specimens with a 5db embedded length having ASR reactive concrete also failed according to 306 
the YD failure mode while they failed by bar rupture (mode U) for specimens with sound 307 
concrete. Fig. 8 shows that some epoxy adhesive remained fixed between the bar ribs and that no 308 
significant concrete material remained bonded to the epoxy adhesive (failure modes D and YD). 309 
Consequently, the observe failure surface for pullout failure is located between the epoxy and the 310 
concrete interface or through the adhesive, mainly along the bar ribs top surface. 311 
Bond-Slip Relationship 312 
Fig. 9 shows the bond stress, τb, according to the loaded end slip, s, of the post-installed 313 
reinforcing bars. Fig. 9a, b and c respectively show the pullout results of specimens with 314 
embedded length 2db, 4db and 5db from first series and Fig. 9d, e and f, results from the second 315 
series. The bond stress was determined by the force induced to the reinforcing bar for a specific 316 
embedded length divided by the nominal surface area associated to that embedded length. The 317 
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embedded lengths presented in Table 5 were used to calculate bond stresses. Pullout energies, E, 318 
shown in Table 5 were calculated considering the area under the pullout curves from Fig. 9 for 319 
slips ranging from 0 to 9.7 mm (0.382 in), i.e., the spacing between ribs for the reinforcing bars 320 
used in this project (pitch). 321 
As observed in Fig. 9 for specimens failing by debonding (Table 5), the bars experienced almost 322 
no slip and have a large stiffness up to about 20 MPa (2900 psi), and then the bonded bar stiffness 323 
decreases until the maximum bond stress is reached. Thereafter, except for specimens S1-5db and 324 
S2-5db experiencing failure mode U (Fig. 9c and f), the bond stress progressively decreases until 325 
complete pullout of the bar. Very similar bond-slip response and bond strength were observed for 326 
epoxy-bonded bars embedded in sound concrete 5, 34, 49. 327 
The average bond strengths of specimens S1, S2, A1 and A2 with an embedded length of 2db were 328 
respectively 32.1, 33.2, 31.6 and 31.3 MPa (4660, 4790, 4580, 4540 psi) (Table 5). The results 329 
were respectively 31.1, 32.2, 29.1 and 30.6 MPa (4510, 4670, 4220 and 4440 psi) for an 330 
embedded length of 4db and 26.6, 28.0, 25.5 and 25.9 MPa (3860, 4060, 3700 and 3760 psi) for 331 
embedded length 5db. One can observe that the results between 2db and 4db specimens were 332 
similar and that the ones with embedded length 5db experienced lower average bond strengths. 333 
These results may be due to a non-uniform stress distribution along the bar for embedded length 334 
longer than 4db [10]. Reinforcing bars embedded in sound concrete (A1 and A2) experienced 335 
slightly higher bond strength and generally higher pullout energy than the ones embedded in 336 
concrete affected by ASR (S1 and S2). Based on the pullout energy presented in Table 5, failures 337 
of specimens S were generally less brittle (higher pullout energy) than the one of specimens A. 338 
Moreover, specimen A1-4db-2 exhibited a more brittle (lower pullout energy as shown on Table 5, 339 
Fig 8 b) compared to the other tested A1-4db specimens. Based on these results, the pullout 340 
behavior of specimens with an embedded length of 4db embedded in ASR affected concrete seems 341 
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to be more variable than the one in sound concrete, considering that the specimen might 342 
experience a more brittle failure.  343 
Fig. 10 shows the relation between the bond strength and the concrete expansion for specimens 344 
experiencing Y or YD failure modes from the first and second series (A1, A2, S1 and S2). As 345 
previously mentioned, it can be seen that the bond strength slightly decreases with an increase of 346 
the concrete expansion (approximatively a 2 MPa decrease in average over the 0 to 0.33% 347 
expansion range). It can also be observed that the bond strength of the specimens A1 and A2 348 
spreads over a larger range than specimens S1 and S2 with sound concrete. The linear regression 349 
between the bond strength and the concrete expansion for specimens experiencing Y or YD 350 
failure modes is define by Eq. (2) (Predicted/Test = 1.01 and CoV = 10%). 351 
 4.83 30.9b p      [MPa] (2) 352 
where εp is expressed in percentage and, for customary units (psi), -4.83 and 30.9 have to be 353 
replaced by 701 and 4482, respectively. From this equation, the development length of the tested 354 
bars (fy = 456 MPa, 66.1 ksi) is 59 mm (2.32 in) in sound concrete. In ASR affected concrete with 355 
εp = 0.33%, this development length increased to 62 mm (2.44 in).  356 
Fig. 11 shows the bond stress due to the loaded end slip for specimens D1 and D2. As illustrated, 357 
the average bond strengths of specimens D1-4db and D2-4db were respectively 30.3 and 32.0 MPa 358 
(4390 and 4640 psi) compared to 29.1 and 30.6 MPa (4220 and 4440 psi) for specimens A1-4db 359 
and A2-4db (Table 5). Despite the progression of ASR following the bar installation on specimens 360 
D, their average bond strength was slightly higher than the one of associated specimens A (no 361 
progression of ASR after the installation of anchorage in specimens A). Progression of ASR 362 
following the bar installation (specimens D) therefore increases the bond strength and requires 363 
more pullout energy. According to the expansion results presented in Table 4, this increase could 364 
be due to the expansion of the concrete caused by ASR which, in turn, produces a confinement 365 
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pressure around the bar. It has been reported that confinement pressure applied perpendicularly to 366 
the bar axis has a significant effect on the bond strength 19, 49, 50. More energy is therefore required 367 
to perform the bar pullout. However, similarly to the specimen A1-4db-2, it can be observed that 368 
the specimen D1-4db-1 from the third series experienced a more brittle failure (lower pullout 369 
energy as shown on Table 4) at bond strength of 27.9 MPa (4050 psi). It is suggested that the 370 
scatter of these results may be due to the likelihood of encountering a crack in the embedment 371 
length of the bar. The potential presence of cracks in the periphery of the bar reduces the area 372 
available for the transfer of forces between the epoxy resin and the concrete matrix, causing a 373 
drop in the mechanical capacity of the post-installed reinforcing bar. 374 
Fig. 12 shows the relationship between the bond strength and the bar embedded length (heff) for 375 
specimens from the first and the second series failing in to D and YD modes. For specimens of 376 
sound concrete, no significant decrease of the bond strength is observed between embedded length 377 
2db and 4db, and a lower bond strength for an embedded length 5db. For ASR affected concrete 378 
specimens, Fig. 12a shows that the effect of ASR on bond strength becomes significant for 379 
embedded lengths greater than 4db. One can observe that specimens A1-5db and A2-5db failed by 380 
debonding (mode YD) while specimens S1-5db and S2-5db experienced bar rupture (mode U). 381 
ASR affected concrete to reduce the bond strength of post-installed bonded bars of embedded 382 
length 5db. These results can be attributed to the higher probability to encounter a crack along a 383 
longer post-installed reinforcing bar embedment interface. 384 
Fig. 13 presents the relationship between the bond strength of specimens A and S with embedded 385 
lengths 2db and 4db and parameters used to assess ASR damage, i.e., the concrete compressive 386 
strength, the Young’s modulus and the SDI. As shown in Fig. 13 specimens A experienced a 387 
lower compressive strength, a lower Young’s modulus and a higher SDI than comparison 388 
specimens S. These results are associated with slightly lower bond strength. According to the 389 
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experimental results, relations between the bond strength and material characterization parameters 390 
can be expressed as: Eq. (3), (4) and (5). 391 
 '0.071 29.3b cf     [MPa] (3) 392 
 30.5
19500
c
b
E     [MPa] (4) 393 
 5.32 33.0b SDI      [MPa] (5) 394 
For customary units (psi), 29.3, 30.5, 5.32 and 33.0 have to be replaced by 4250, 4420, 770 and 395 
4790, respectively. Fig. 13 shows that the data dispersion expressed by the 95% confidence 396 
interval and the coefficient of variation is narrower for the SDI results. Fig. 13c shows that the 397 
SDI (CoV = 2.9%) seems to be a slightly more accurate parameter than the compressive strength 398 
and the Young’s modulus (Fig. 13a and b, both CoV = 3.1%) to assess the bond strength losses 399 
associated with ASR damage.  400 
The relation between the bond strength τb and the axial bar stress fs, max is presented in Fig. 14 for 401 
specimens from the first and the second series failing according to modes D and YD. For 402 
specimens A and S, the coefficients of determination, R2, between τb and fs, max are respectively 403 
0.005 and 0.013. These coefficients reveal no relation between these two parameters. According 404 
to these results, the effect of the transverse bar contraction due to the longitudinal bar tensile strain 405 
has no influence on the bond strength of epoxy bonded bars experiencing a YD failure mode (Fig. 406 
14a). For comparison purposes, this effect plays a major role for cast-in-place embedded bar in 407 
concrete where the bond strength may be reduced up to about 75% after the yielding of the bar 19, 408 
51. For cast-in-place bars, a large part of the bond strength can be attributed to the bearing action 409 
of the bars ribs on the concrete. Contraction of the bar due to axial tension stress therefore reduces 410 
the bearing area and the bond strength 5, 52. For post-installed bonded bars, it may be suggested 411 
that the larger flexibility of the epoxy compared to the concrete (Eb/Ec ~ 20) may enable the 412 
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adhesive to follow the steel deformations and insure adequate bearing conditions for the bar ribs. 413 
More studies are required to better understand this phenomenon. 414 
CONCLUSIONS 415 
The objectives of this research project were to investigate the effects of ASR deleterious 416 
mechanisms on the bond strength of post-installed reinforcing bars and the effects of the 417 
damaging ASR progression on bond strength after the embedment of the epoxy bonded bars. 418 
According to the material investigation, the main conclusions are: 419 
 Concrete expansion was measured both perpendicularly and parallel to the casting plane 420 
during conditioning. A fairly strong anisotropy of the expansion was observed for 421 
specimens affected by alkali-silica reaction (ASR) where the expansion in the parallel 422 
direction was about 0.6 times the expansion in the perpendicular direction. The measured 423 
concrete expansions corresponded to a severe or a very severe level of concrete damage. 424 
 Compressive strength, tensile strength and Young’s modulus have decreased with the 425 
increasing of the ASR expansion. Both the tensile strength and the Young’s modulus reach 426 
a plateau for expansions exceeding 0.20%. The Young’s modulus was the most affected 427 
concrete mechanical property due to ASR. 428 
 The stiffness damage index (SDI) values determined from the SDT were similar to the 429 
results presented by Allard & al.40 for NM coarse aggregate and have demonstrated that 430 
the monitored concrete expansions are correlated to the damage state of ASR.  431 
According to the investigation of ASR effects on the bonding behavior, the main conclusions are: 432 
 Debonding failures were observed for specimens with 2db (bar diameter) embedded 433 
length. Most of the specimens with 4db embedded lengths and ASR affected specimens 434 
with 5db embedded lengths experienced debonding failures after yielding of the steel bar. 435 
For these specimens, no significant concrete material remained bonded to the pulled out 436 
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bar. Finally, sound specimens with 5db embedded lengths experienced bar rupture.  437 
 Pullout tests on epoxy bonded bars embedded in sound concrete and ASR affected 438 
concrete have shown that ASR has not a large influence on bond strength although a 439 
reduction of bond strength was observed for specimens affected by ASR. 440 
 It was suggested that the decrease of the bond strength was caused by the presence of 441 
longitudinal cracks (parallel to the bar axis) in the periphery of the bar. No significant 442 
decrease of the bond strength was observed after the yielding of the epoxy bonded bars.  443 
 SDI appeared to be the most accurate parameter to predict the bond strength of ASR 444 
affected concrete and reduction of the bond strength prediction according to the SDI may 445 
be a valuable avenue.  446 
 The study revealed that the ASR progression after the embedment of reinforcing bars leads 447 
to a confinement effect on the epoxy bonded bar which increased bond strength. 448 
The proposed equations should be validated with more data and tests carried out with different 449 
concrete strengths and ASR damage. 450 
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NOTATION 457 
bA  = reinforcing bar cross section area of  458 
bd  = reinforcing bar diameter 459 
RF  = rib index of reinforcing bar 460 
E  = pullout energy 461 
bE  = Young’s modulus of epoxy adhesive 462 
cE  = Young’s modulus of concrete 463 
sE  = Young’s modulus of reinforcing bar 464 
'
cf  = compressive strength of concrete 465 
spf  = tensile strength of concrete 466 
sf  = axial reinforcing bar stress 467 
yf  = yield strength of reinforcing bar 468 
uf  = ultimate strength of reinforcing bar 469 
effh  = embedded length 470 
s  = relative displacement between concrete and reinforcing bar at the unloaded end (slip) 471 
p  = expansion perpendicular to the concrete casting plane 472 
a  = expansion parallel to the concrete casting plane 473 
u  = strain at reinforcing bar rupture 474 
  = bond stress 475 
b  = bond strength 476 
477 
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TABLES 619 
Table 1 – Petrographic facies and potentially reactive phases of New Mexico aggregate from 620 
Villeneuve (2011) 621 
Facies Type 
Proportion 
[%]  
(-14 + 10 
mm [ -0.55 
+ 0.39 in]) 
Proportion 
[%]  
(-20 + 14 
mm [-0.78 
+ 0.55 in]) 
Potentially reactive phases 
A Andesite-basalt 19.0 36.1 Volcanic glass 
B Quartzite 56.7 35.4 Microcrystalline quartz (10%) 
C Granite 18.5 20.1 
Microcrystalline quartz (5%) 
and quartz with undulatory 
extinction 
D Granitic gneiss  2.8 3.3 
Quartz with undulatory 
extinction 
E Rhyolite 2.6 2.0 Microcrystalline quartz (~20%) 
F Pelite 0.4 3.1 - 
 622 
Table 2 – Concrete mixes design (kg/m³) 623 
Components ASR reactive concrete Sound concrete 
Cement 370.0 370.0 
Fine aggregate 742.6 742.6 
Coarse aggregate 1091.8 1091.8 
NaOH 0.7 - 
Lithium nitrate 
(LiNO3) 
- 28.3 
Water 174.0 174.0 
Density 2368 2376 
Note: 1 kg/m³ = 1.686 lb/yd³ 624 
 625 
Table 3 – Properties of the epoxy resin according the manufacturer 626 
Bond strength (ASTM C882-91) 12.4 MPa (1800 psi) 
Compressive strength (ASTM D-
695-96) 82.7 MPa (12000 psi) 
Compressive modulus (ASTM D-
695-96) 1493 MPa (220 ksi) 
Tensile strength (ASTM D-638-97) 43.5 MPa (6310 psi) 
Elongation at break (ASTM D-
638-97) 2.0% 
627 
 28 
 
Table 4 – Expansion and mechanical properties summary 628 
 Specimens p  [%] a  [%] 
'
cf  [MPa] spf  [MPa] cE  [GPa] SDI  
Fi
rs
t 
se
rie
s S1 -0.013 -0.017 40.5 2.9 35.3 0.12 
A1 0.198 0.111 32.7 2.3 19.1 0.27 
Se
co
nd
 
se
rie
s S2 0.015 -0.004 42.7 3.1 35.1 0.10 
A2 0.327 0.185 29.3 2.2 16.0 0.33 
Th
ird
 
se
rie
s D1 0.402 0.225 28.6 2.3 16.0 0.31 
D2 0.406 0.255 24.7 2.6 14.4 0.37 
Note: 1 MPa = 0.001 GPa = 145.038 psi 629 
630 
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Table 5 – Pullout test results summary 631 
Specimen Failure Mode 
effh  
[mm] 
,s maxf  
[MPa] b
  [MPa] E [J] 
S1-2db-1 D 32.7 236 28.6 
32.1 
348 
394 S1-2db-2 D 32.4 261 32.1 379 S1-2db-3 D 34.0 287 33.6 437 
S1-2db-4 D 30.9 263 34.0 410 
S1-4db-1 YD 62.3 473 30.2 
31.1 
480 
496 S1-4db-2 YD 61.0 485 31.7 465 S1-4db-3 YD 67.0 540 32.1 544 
S1-4db-4 YD 67.7 519 30.5 - 
S1-5db-1 U 84.0 553 26.9 26.6 - - S1-5db-2 U 86.2 582 26.3 - 
A1-2db-1 D 32.6 260 31.7 
31.6 
230 
344 A1-2db-2 D 32.4 254 31.3 287 A1-2db-3 D 34.8 276 31.6 426 
A1-2db-4 D 33.4 268 31.9 434 
A1-4db-1 YD 68.9 527 30.6 
29.1 
485 
427 A1-4db-2 D 62.0 362 23.2 296 
A1-4db-3 D 53.2 449 33.6 501 
A1-5db-1 YD 87.4 564 25.7 
25.5 
441 
432 A1-5db-2 YD 86.2 559 25.8 434 
A1-5db-3 YD 82.0 512 25.0 421 
S2-2db-1 D 38.1 338 35.4 
33.2 
399 
417 S2-2db-2 D 35.1 286 32.4 395 S2-2db-3 D 32.6 266 32.5 420 
S2-2db-4 D 32.9 268 32.4 455 
S2-4db-1 YD 67.3 545 32.2 
32.2 
577 
539 S2-4db-2 YD 63.9 541 33.7 539 S2-4db-3 YD 63.5 519 32.5 540 
S2-4db-4 YD 61.4 468 30.3 499 
S2-5db-1 U 80.1 565 28.1 28.0 - - S2-5db-2 U 80.8 565 27.8 - 
A2-2db-1 D 31.8 252 31.8 
31.3 
360 
366 A2-2db-2 D 31.5 253 32.1 291 A2-2db-3 D 34.1 274 32.1 402 
A2-2db-4 D 32.6 284 29.3 412 
A2-4db-1 YD 62.4 476 30.4 
30.6 
423 
435 A2-4db-2 D 52.6 401 30.3 421 
A2-4db-3 D 50.9 396 31.1 461 
A2-5db-1 YD 81.4 533 26.0 25.9 441 462 A2-5db-2 YD 82.4 535 25.8 482 
D1-4db-1 D 65.3 457 27.9 30.3 363 460 D1-4db-2 YD 65.3 537 32.7 557 
D2-4db-1 YD 65.6 524 32.0 32.0 573 555 D2-4db-2 YD 66.1 526 31.9 537 
Note: *anchor in a block tested twice, 1 mm = 0.03937 in, 1 MPa = 145.038 psi 632 
Reinforcing bar
Epoxy adhesive
Shear crack
(a) (b)
(c)
Pour
Concrete casting plane
A-B: Perpendicular to the casting plane (p)  
C-D: Parallel to the casting plane (a) 
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